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Abstract

The E��� group searches for the K� � ����� decay at the Brookhaven National
Laboratory� One of the main backgrounds is K� � ����� Therefore the �� rejection is
crucial for this study� For future upgrades of the photon detector� we plan to understand
the �� detection ine�ciency in terms of the single photon detection ine�ciency�

By using tagged photons from the K� � ���� decays� we measured the photon
detection ine�ciency of the E��� detector as a function of the missing photon�s energy
and the direction� which were determined by �tting kinematic variables of the �� and
the observed photon�

A detection ine�ciency of �� is estimated as a product of a pair of single gamma de	
tection ine�ciencies� By examining a threshold energy dependence of the �� detection
ine�ciency� a new source of a �� missing mechanism is identi�ed�

A possible improvement of the photon detection system is discussed� And a future
prospect of lowering the upper limit for �� � ��� is given�
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Chapter �

Introduction

��� The K�
� ��� �� experiment

The E��� group is running at the Low Energy Separated Beam�LESB	III� line at the
Alternating Gradient Synchrotron �AGS� in Brookhaven National Laboratory� The
goal is a measurement of the branching ratio of the K� rare decay K� � ���� since
�����

The K� � ���� decay� a Flavor Changing Neutral Current� is forbidden at the
�rst order�Figure �����
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Figure ���� The �rst order process

At the second order� the decay is allowed via two �penguin� and one box diagram
�Figure �����
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Figure ���� The second order process

The top quark contribution to the K� � ���� branching ratio for three � genera	
tions is
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where Vxx is the Cabbibo	Kobayashi	Maskawa matrix�VCKM�� A�
�� and � are the
Wolfenstein VCKM parameters� and

X�xt� �
xt
�

�
xt � �

xt � �
�


xt � �

�xt � ���
lnxt

�
� ���x����t

with xt � m�
tm

�
W

Substituting 
 � ����� 	 � ������ sin� �W � ���
� B�K� � ��e��e� � �������
X�xt� � ���x����t � and including the charm contribution yields

B�K� � ����� � ���� ������A�x����t ���� � ��� � ���
Considering all uncertainties� B�K� � ����� will be within ���
	
� �������
��
The present experimental upper limit is ��� � ��������C�L�� �which was obtained

by analyzing ����	���� data����

��� Measuring the photon detection ine�ciency

In the K� � ���� study� one of the main backgrounds is K� � ����� If the �� is
not detected for some reason and kinematic variables of the �� are miss	measured� the

�



decay looks like K� � ����� Therefore rejecting �� is crucial for the experiment� In
this study a �� detection ine�ciency was calculated as a product of the single photon
detection ine�ciencies�

First we required the charged particle to be the �� from the K� � ���� decay�
Since K� � ���� is a two body decay� the momentum and energy distributions of
the particles have monochromatic peaks� Second we required one photon detected in
the detector called Barrel Veto counter �BV� and no the other photon anywhere� And
then� using the kinematic variables of the tagged photon and the ��� we determined
the energy and the direction of the undetected photon� For the denominators� a sample
without online	o�ine photon vetoes was used�

��� Barrel Veto Liner

Although the detector in E��� is almost a �� photon detector� the total radiation length
is not enough for the � degree direction from the center of the detector with respect to
the beam direction��� In order to improve the sensitivity for the K� � ����� for the
future runs� a new detector called Barrel Veto Liner is planned to install� We estimated
how much the new detector would improve the �� detection e�ciency�

��� The �� � � �� decay

The decay �� � ��� is suppressed if the neutrino has purely left handed helicity� But
if the neutrino mass is not zero and the Z� couples to the right handed neutrino with
the standard weak interaction strength� the branching ratio has a maximum vale of 

������ The current upper limit of ��
 ����� was obtained by analyzing E��� data����
In their analysis� the �� detection ine�ciency was considered as the systematic error�
So our result of the ine�ciency would improve the limit�





Chapter �

Apparatus

��� LESB�III beam line

The overview of the detector is shown in Fig���� After the ��GeV protons from the
BNL Alternating Gradient Synchrotron�AGS� hit the �cm platinum� the water cooled
production target� Ks� �s and other particles are produced� By using two DC separa	
tors in the upstream of the detector� K� ratio becomes about three� The ���MeV�c
K� beam intensity is � � � ��	spill�

��� The detector

The K� stops and decays in the target� When the decay K� � ���� occurs� the
detectable particle produced in the decay is only one ��� The detector has powerful ��
� veto system described later� The momentum� the energy and the range of the charged
decay particle are measured by drift chambers and range counters located around the
target�

The overview of the detector is shown in Fig����
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����� Beam counter

At �rst the incomingK� from AGS passes a �Cerenkov Counter� The �Cerenkov Counter
is used for the K� tagging which is used as a trigger� �CK� and the o�ine analysis� The
counter is also used for the �� tagging� �C���

The 
 plane beam wire chambers are put at the downstream of the �Cerenkov
Counter� The chambers ensure that only one K� enters the detector and no extra
K� or �� is present at the apparent K� decay time�

The BeO and the Pb	Glass degraders are located at the downstream of the beam
wire chambers� The lead	glass degrader for the passing K� detects �Cerenkov light
from the passing K��

The K� passes through the degrader� a two	plane hodoscope�the B� counter�� the
parallel �ngers of scintillator read out by phototubes� These hodoscopes identify the
� and the � by using the minimum ionizations�

����� Target

TheK� stopping target consists of mm�mm ��
 plastic scintillation �bers and many
small �bers in order to measure the K� stopping position� The length of each �ber is
����cm� The signals from them are read out by PMT located outside of the magnetic
�eld at the downstream end of the detector� The incoming K� stops after exciting
�  �bers� and decays� Almost all charged particles among decay products����� go
out of the target after exciting  � �� �bers with minimum ionizing� Then �red �bers
are identi�ed as K��s cells or charged decay products���� ������ cells by the energy
deposit in it and hit timing� Typically� the energy deposit of a �ber �red by the
stopping K� is � 
MeV and ones by the charged decay particle is � �MeV � The
� plastic scintillation counters called I	counter�IC� are located around this target in
order to help to distinguish hits in the �ducial region�

����� Ultra Thin Chamber�UTC�

The cylindrical drift camber surrounds the target in order to measure the momentum
of the decay particles� The drift chamber system is composed of three super layers� The
inner radius is ��� cm and the outer radius is ���� cm� It subtends a solid angle of about
��st� The half	width of a squire cell is  � �mm which is dependent on the super layer�
The number of total channels is 
���� ��� � � �ADC and TDC� anode channels and
���� � cathode channel� The chamber is operated with �	� mixture gas of Ar H�C	

and bubbled Ethanol� The node wire were supplied High Voltage ���� � �����V �
The resolution of the space was about ����m� 
���m� �� � ����m in the middle of
the cell� near the anode wire and near the corner� respectively�

����� Range Stack�RS�

The cylindrical Range counter called Range Stack� which consists of the �� plastic
scintillator layers segmented into �� sectors are located the outside of UTC� The signal
from PMT on the Range Stack are recorded by �MHz Transient Digitizer�TD�� The
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Range Stack detects the decay sequence of the charged particles� for example� � �
�� e� and measures the energy deposit and the range of it in the Range Stack� Two
proportional chambers are sets in the Range Stack in order to measure the Z positions
of the track and re�ne the range resolution�

����� Barrel Veto counter�BV�

The Barrel Veto counter is located around the Range Stack counter� It consists of
alternating layers of the ��� mm thick lead and the ��mm thick plastic scintillator� The
Barrel Veto is segmented into �� azimuthal sectors with each sectors further segmented
into � radial layers� The active region of the Barrel Veto is ���m long and covered about
two	thirds solid angle corresponding to the �� degree of the solid angle� Its thickness
corresponds to ���
 radiation lengths� The signals from each modules are read by
phototubes located outside the magnet endplate� The Barrel Veto counter is used as
the online and o�ine photon veto system for searching the K� � ���� signal� We
used this system as the photon counter for the detection of K� � ����� �� � ��
signals�

����� End Cap photon veto counter�EC�

The EndCap photon Veto counters cover the region upstream and downstream of UTC�
The upstream EndCap is segmented into � and the downstream one is ��� Each
modules are composed of pure CsI crystals and �ne	mesh phototubes attached directly
to the crystals� The signals from each modules are read by ADC� TDC and CCD
transient Digitizer in order to record the CsI output pulse shape for the improvement
of the timing resolution of the low energy photon and the reduction of the accidental
veto in the high rate environment�

�



Figure ���� The overview of the BNL LESB	III beam line
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Figure ���� The overview of the E��� detector
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Chapter �

Online event selection

In our experiment� the triggers were determined by the electronics called trigger board�
It calculated the trigger bit using the discriminated PMT signals from various detector
elements� In order to check the detector performance� our experiment took some moni	
tor data�for example� triggered forK� � ���� andK� � ���� as well asK� � �����
triggered data� Events which passed one of the trigger were written to magnetic tapes�
In ����� E��� group installed the special online trigger called �� trigger in order to
detect such events� �� from K� � ���� decays into ��� only one of the �� is detected
in BV� and another � is not detected anywhere�

The �� trigger logic was de�ned as�

KB � IC �DC � T�� � ��ct� �ct� � ���ct� ��ct � ��ct� � EC �HEXCUT �NG� � L���

where

�� KB� A K� from the beam enters the target � �CK �B� � ETG�

�� IC� The I	counter hit


� DC� The delayed coincidence between IC and �CK in order to reject scatter ��

events

�� T��� The trigger counter hit� which is the bottom layer of Range Stuck

� Xct� Y ct� � � � � Xth�� Yth� � � � The layers in Range Stack hit within the gated
time

�� EC� The End Cap � hit

�� HEXCUT� There is only one hextant of Range Stack in which the energy deposit
is greater than ��MeV�

�� NG�� The number of photon clusters in the Barrel Veto counter is less than �

�� L���� TD area vs� height cut� select ��

We got about ��	 K� decay signals by the �� trigger through ���� run�
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K� decay mode Branching ratio

���� ���
�K���
���� ������K���
������ ����
��e��e ������Ke
�
������ ���
��K�
�
������ �����

Table 
��� The branching ratio of top � K� decay modes

Figure 
��� momentum spectrum of charged decay particle for top � K� decay mode

��



Chapter �

O�ine event selection

��� Pass�

Cuts Examined Passed Failed Rejection

TRKTIM ������ ������ ���� �������
UTCTRAK ������ ������ ����
 ����

�
RDTRAK ������ ������ ��� �������
TARGET ������ �����
 ��� ���
��
ICOUNTER �����
 �
�� ���� ������
PTOTAL �
�� ���
�� ���� �������
RTOTAL ���
�� ����� �
��� ������
�GAMMA ����� ������ 
�� ������
BVINTIME ������ ������ 
���� �����
ECINTIME ������ ����� ���
� ��
��
RSINTIME ����� 
����� ��
��� ������
ICINTIME 
����� ���
� 


�� ����
��
VCINTIME ���
� ���
�� ���� �������

Table ���� Summary of Pass� analysis

In order to reduce the data size without losing the acceptance of the �� events� we
divided the o�ine analysis into � stages� At the �rst step of our analysis� successful
reconstructions of �� variables were required� Loose photon veto cuts were applied to
reduce the total number of events� Much tighter photon vetoes were applied in the
next stage� The summary of the Pass� analysis was shown in the table������

����� UTC and RS tracking

TRKTIM required the Range Stack timing was found� UTCTRACK required the
number of chamber�UTC� tracks was greater than �� The Range Stack tracking used
the TD information to �nd continuous hits in each layers in the same TD based timing

�




region� RDTRK checked whether a �or more than one� track�s� in Range Stack was
reconstructed�

����� TARGET and IC reconstruction

TARGET and ICOUNTER required the target�IC reconstruction was O�K�

����� total momentum	 range cut

To select K� � ���� events� the events for which

���MeVc � Ptotal � �
�MeVc

and

����cm � Rtotal � 
���cm

were kept� The cut were called PTOTAL and RTOTAL� respectively�

����� �GAMMA

We reconstructed the � cluster connected hit region in Barrel Veto counter� �GAMMA

required a � cluster in Barrel Veto counter in o�ine�

����� intime photon veto cuts

Photon vetoes were applied using so called the �intime� routine� BVINTIME� ECIN	
TIME�RSINTIME� ICINTIME and VCINTIME mean the photon vetoes for the
subsystems of BV� EC� RS� IC and VC� respectively� Before applying BVINTIME�
a clustering was performed by �nding connected regions of BV hit elements� BVIN	
TIME was applied against the sum of the energies of the second largest cluster and
the smaller ones�

The time windows and the energy thresholds are listed in the Table������

System time o�set�nsec� time window �nsec� energy threshold �MeV�

BV ��� ��� ��
EC ��� ��� ����
RS ��� �� 
��
IC ��� ��� ���
VC ��� ��� ���

Table ���� A list of photon veto cuts used in Pass�
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��� Selection of missing � events

In the next step� tighter energy	momentum	range cuts were applied together with a
dip angle cut in order to purify the sample further� Tight photon vetoes were also
applied� Again the energy of the largest photon cluster in BV was excluded prior to
the BV cut�

System time o�set�nsec� time window�nsec� energy threshold�MeV�

BV ��� �� ���
EC �� �� ���
RS ��� � ���
TG 	�� ��� ��
IC 	�� 
� ��
VC 	�� � ��
CO ��� ��� ���
CM ��� ��� ���
EU �� ��� ��

Table ��
� A list of photon veto cuts used in Pass�

For the remaining events� a 
	constrained kinematic �t was carried out to minimize
a �� de�ned by

�� �
X

�
X i
mes� �X i

f it�

�mes�

�� �����

where X i
mes��s were � measured variables listed in the table ����

The 
 constrains were the �� mass shell condition� the �� mass shell condition and
the total energy conservation�

�E��E���� � cos�������� � m�

��

P �
� � T �

�

�T �
�

� m��

E�� �m�� � E�� � E�� � mK�

The errors used were listed also in the table ����
To check the �tting�K�� events inMonte Carlo simulation were analyzed� Figure�����

is a scatter plot of the measured photon�s energy versus true one� The vertical axis is
a measured one� Figure����� is a scatter plot of the �tted photon�s energy versus true
one� The vertical axis is a �tted one� Figure���
� is a scatter plot of the �tted photon�s
� direction versus true one� Figure����� is the one as to sin �� Those �gures show the
�tting works well�

Figure���� and Figure����� are the �	distributions of the high energy missing � and
the low energy missing � in the real � � data� respectively�
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Variable De�nition error

E�� energy of a �� 
���
P�� momentum of a �� ����
��� dip angle of a �� ���� � cos� ���

��� azimuthal angle of a �� ���


E� energy of a � ���
��
q
E�

�� dip angle of a � ����� cos� ��
�� azimuthal angle of a � ����

Table ���� � kinematic variables

The summary of the Pass� analysis is shown in the table����� Where� xxPV means
a photon veto cut in the detector xx� Cut parameters are shown in the table��
�
PTOTAL� ETOTAL and RTOTAL requires ����� Ptotal ������� ����� Etotal �����

and ����� Rtotal �
���� respectively��Etotal is a total energy of the charged particle��
PBPV requires the number of hits in the lead glass counter is less than �� TZMAX
requires the maximum Z di�erence of the hits within the photon cluster in BV is less
than ���� cm� This cut will exclude the events in which two photons hit the same
segment of BV and look like one photon� WSTP requires 	���� sin ��� ����� This
will cut the asymmetrical tail of ��� distribution� FIT requires the �tting is successful�
PROB requires the �� probability Prob���� � ���� This cut will reduce the event which
is not K�� or the event in which the kinematic variables are not measured correctly�
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Cuts Examined Passed Failed Rejection

ECPV ���
�� ����
� ��
� ��������
RSPV ����
� ����� ����� ������
TGPV ����� ����� ����� ��������
ICPV ����� ������ ���� �������
VCPV ������ ���
�� ���� ��������
COPV ���
�� ����

 ��� �������
CMPV ����

 �����
 �� ��������
EUPV �����
 ����
 �
�� �������
PTOTAL ����
 ���� ��
� �������
ETOTAL ���� ���� ���� �������
RTOTAL ���� ����� �� �����
PBPV ����� ���� ���
 ������
��
TZMAX ���� ����� ���� ������

WSTP ����� ����� ��� �������
FIT ����� ����� �� �������
PROB ����� ����� ���
� ��
�����
BVPV ����� ���� �
�
 �����
��

Table ��� Summary of Pass� analysis
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Chapter �

Ine�ciency

��� Single photon detection ine�ciency

We have to know the total number of photons before online and o�ine photon vetoes to
calculate the photon detection ine�ciency� In E���� there are two K�� triggers called
K����� and K������ K����� includes online photon vetoes� HEXCUT� K����� does not
include it� To estimate the total number of the photons� we used K����� data� Then
the tight �� selection cuts were applied� The kinematical �t was applied to the events
for which one or more than one gammas were detected in BV� In this case the second
photon was used for the �t if available� The number of the photons were counted by
requiring Prob���� � ��� �table���
���

The normalization factor was obtained by taking a ratio of � � data to K�����
data which passed the tight �� cut and the on	line � � trigger conditions� The nor	
malization factor was �������� � �
����See� table���table��� where DETECTOR
means all detector reconstructions� which are same as in Pass��TRKTIM�UTCTRAK�
RDTRAK�TARGET�ICOUNTER�� PTOTAL�ETOTAL�RTOTAL and WSTP are the
same de�nitions as in Pass�� BV bit requires at least � photon in BV at the online
level� and BVHIT requires at least � photon in BV at the o�ine level��� This factor
was multiplied to the numbers in the table �
�

Cuts Examined Passed Failed Rejection

DETECTOR ������ �
�� ����� ������
�
PTOTAL �
�� ������ �
�� �������
ETOTAL ������ ������ ���
� ����
��
RTOTAL ������ ����
 ��� ���
��

BVHIT ����
 ���
� �� �����
�
WSTP ���
� ����� ����� �������

Table ��� A cut summary for the normalization in � � data
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Cuts Examined Passed Failed Rejection

TRKTIM ��
��� ����� ���� ������
�
UTCTRAK ����� ��
�� ���� ����
���
RDTRAK ��
�� ��
��� ���� �������
TARGET ��
��� ����
 

��� ���
��
ICOUNTER ����
 �����
 ���� ������
�
PTOTAL �����
 ������ 
�
��� ����
�

ETOTAL ������ ���
�� ��� ������
RTOTAL ���
�� ����� ���� �������
L��� bit ����� �
��� ���� ������
DC bit �
��� ������ ����� �������
IC bit ������ ������ �� ������
�
WSTP ������ ������ ���� ��������
HEXCUT bit ������ 
��
� ����� ������
BVHIT 
��
� 
���� ��� �������

BV bit 
���� 
�
�� ��� ��������
NG� bit 
�
�� �

�� ���
� ���
����
EC bit �

�� ��� �
��� �������

Table ��� A cut summary for the normalization in K����� data

To compare the �� detection ine�ciencies which are calculated in two ways� we
changed the energy thresholds in BV� And we got four kinds of tables of missing
photons �Table��	����

Further� two correction factors were considered� First� the accidental loss in the
photon vetoes was estimated by using K�� data� After requiring the ��� we applied
all the photon vetoes and took the ratio of the number of remaining events before to
after the vetoes� The correction factors were ����
�� ������� ����� and �����
 when
the energy threshold was ���� ���� 
�� and �� MeV� respectively� Second� the number
of the events that a photon looked like two photons in BV was estimated by using K��

events with �� � �� decay in Monte Carlo simulation �UMC�� After requiring the ��

and applying all the photon vetoes except BV� we applied BV photon veto and took
the ratio of the number of remaining events before to after the BV veto� �Note that
the energy of a photon cluster was excluded prior to the veto�� The correction factors
were ������� ������� ����
� and ������ when the energy threshold was ���� ���� 
�� and
�� MeV� respectively� The numbers in the tables��	�� were divided by both of the
two correction factors� Then we got the ine�ciency tables�Table��	�����

��



��� �� detection ine�ciency

A �� detection ine�ciency was estimated by using the single photon detection inef	
�ciency tables and UMC� Since the energies and the directions of the photons from
�� � �� were known in UMC� the probability to undetect both of the photons were
calculated by the convolution method�

Inefficiency �
NX
i��

P �E�
i � �

�
i �P �E

�
i � �

�
i �

N
����

where N is the number of events and P is the photon detection ine�ciency�
The result is listed in the table������ The errors were calculated as follows� First�

we arti�cially  uctuated the photon detection ine�ciency in each E	� region assuming
one standard deviation is equal to the statistical uncertainty� and made ten sets of the
ine�ciency tables� Then ten sets of pi� detection ine�ciencies were calculated by the
convolution method� Finally� the standard deviation of the pi� detection ine�ciency
was estimated from those ten values� and it was identi�ed to be the error listed in
table������

The �� detection ine�ciency was also estimated by applying all the photon vetoes
in K����� data�direct measurement�� �
����� K����� events were analyzed and ����

events remained after �� cut� Applying all the photon vetoes� �� �� 
 and �� events
remained when the energy threshold in BV was ���� ���� 
�� and �� MeV� respectively�
Cut summaries are listed in the table����� and table���
�� where cut de�nitions are
same as in Pass� and Pass�� PASS�PV means all the pass� photon vetoes except
BVPV and PBPV �that is� ECPV� RSPV� TGPV� ICPV� VCPV� COPV� CMPV and
EUPV�� Since the K����� data includes online photon veto� the normalization factor
was multiplied to the number ����
� The factor was �������
��
� � ����� which was
obtained by taking a ratio of the number of K����� events without HEXCUT to the
number with it�see table���� And the accidental loss correction was considered� That
is� the results were divided by the same correction factors �����
�� ������� ����� and
�����
 when the energy threshold was ���� ���� 
�� and �� MeV� respectively� as in the
photon detection ine�ciencies� Then the �� detection ine�ciency�direct measurement�
was obtained�Table�����

The ine�ciency from K����� data becomes much larger as the threshold gets high�
To �nd what happened� we analyzed UMC K�� data and got the similar results to real
K����� data�table����

We plotted the �true� �	di�erence of the two photons� and found that the event such
that the two photons from theK�� decay hit the same segment of BV became dominant
when the energy in BV was small� Figure���� shows the way� The upper �gure is the
side view� The lower �gure is the front view� Figure���� shows the �	di�erence when
the energy in BV is greater than  MeV� Figure��
� is the one when the energy in BV
is smaller than  MeV� The timing of a photon is determined by a mean of TDCs of
both ends of a segment� So if the two photons hit the same segment� we misidentify
the event that one photon hits BV with earlier timing than true timing� Such early
photons will escape intime window and pass the veto�

�




To con�rm this� we widened the time window to minus direction � from �o�set
� ��� ns� window � �� ns� to �o�set � ���� window � ��� ns�� and analyzed the
same UMC data� No event remained after all the photon vetoes although the energy
threshold in BV was set to �� MeV� That means the photons were tightly rejected
even if the threshold was set to comparatively high� Also in the K� � ���� analysis�
it will be useful to apply both the high	threshold	veto with wide	time	window and the
low	threshold	veto with narrow	time	window�

gamma

T1 T2

gamma gamma

K+

pi0

T=(T1+T2)/2

BV

Target

BV

Target

Figure ��� The way that the two photons hit the same segment�
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Chapter �

Barrel Veto Liner

We plan to install a new photon detector called Barrel Veto Liner �BVL� between RS
and BV� If BVL is introduced� hi energy missing �s are expected to decrease by the
factor ��
���� The ine�ciencies in the table �� were multiplied by the factor when
the energies of missing photons were greater than ��� MeV� Then the �� detection
ine�ciency of �������� � ���� was obtained� Furthermore� the asymmetry in �gure
�� is expected to disappear after BVL is set� In the table ��� the ine�ciencies in
the region ����� sin � ������ ���E����� and ����� sin � ������ ����E�����
were identi�ed with ones in �	���� sin � �	��� ���E����� and �	���� sin � �	���
����E������ respectively� Then the �� detection ine�ciency of ��
����
������ was
obtained� That is� the BVL is expected to improve the �� detection ine�ciency by the
factor � 
 ��������� � ��
�������


�



Chapter �

Conclusion

The single photon detection ine�ciency as a function of energy and � direction was
measured using the special � � data� It was around ���� in high energy regions� and
around ���� in low energy regions�

From the table� the �� detection ine�ciency was calculated by using a convolution
method� It was ��� ����� when the photon vetoes were tight�

A special �� missing mechanism was discovered� It can be removed easily by intro	
ducing a wide	time	window high	energy	threshold cut�

If Barrel Veto Liner is installed� the �� detection ine�ciency will be reduced by the
factor 
�

The branching ratio of �� � ��� will be lowered by the background subtraction
with ��� errors�
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